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Introduction

26
Physiological microdamage formation within the skeleton serves as a stimulant for bone 27 remodeling. Accumulation of unrepaired microdamage in trabecular bone can result from 28 inferior bone quality due to age-related changes or skeletal pathology (Iwata 2014) . Despite the 29 importance of microdamage to the mechanical properties of bone, the trabecular stresses and 30 strains experienced at its initiation are not well characterized. Evaluation of stresses and strains 31 associated with microdamage initiation at the local level may enable improvement of fracture 32 risk assessment techniques and the development of therapeutic methods for treatment of skeletal 33 fragility diseases such as metastasis. 34
Microdamage sites can be experimentally identified through sequential staining and 35 histomorphometry (Lee 2000) . Sequential histologic staining (i.e. calcein green and fuchsin) has 36 been utilized to differentiate pre-existing and test induced microdamage (Lee 2000, Herblum 37 2013). Barium sulfate (BaSO 4 ) contrast enhanced µCT imaging has been used as a non-38 destructive 3D alternative to conventional histology to detect accumulation of microdamage in 39 trabecular and cortical bone (Landrigan 2011 , Wang 2007 . 40
Micro-finite element analysis (µFEA) has been utilized to study local damage initiation 41 properties of trabecular bone (Herblum 2013 , Nagaraja 2005 ). This technique converts 42 segmented µCT voxels representing bone directly into finite elements, yielding large models 43 which can represent complex structural tissue organization. µFEA has the capability to model the 44 trabecular morphology, allowing calculation of stresses and strains at histologically identified 45 damage sites (Keaveny 2001 ). Nagaraja et al. used this approach to determine variations in 46 microdamage initiation parameters in response to age related changes in human and bovine 47 trabecular bone cores (Nagaraja 2005 , 2011 , Green 2011 ). µFEA of whole bones allows 48 loading through joints/soft tissues, simulating more physiological loading conditions. Herblum et 49 al. recently demonstrated successful application of µFEA to show elevated stresses and strains in 50 regions containing mechanically induced microdamage within whole healthy rat vertebrae 51 (Herblum 2013) . 52
Spinal metastasis progressively degrades the trabecular architecture of the vertebral body, 53 leading to an increased risk of fracture (Kurth 2001) . Previous studies have demonstrated 54 significant differences in microstructural parameters (i.e. trabecular thickness, trabecular 55 number, etc.) between healthy and metastatically involved vertebrae (Hojjat 2011 ). The 56 structural parameters do affect the distribution of stresses and strains across the trabecular 57 microarchitecture, but the geometric distribution of bone tissue is not sufficient to explain all the 58 difference ). It is not clear if the initiation and propagation of unrepaired 59 microdamage, which precedes fracture, is distinct in metastatic spines. This study aims to 60 generate µFE models that accurately represent damage initiation of whole healthy and osteolytic 61 vertebrae based on histological and contrast enhanced μCT damage quantification and to 62 determine thresholds for damage initiation based on these models. It is hypothesized that µFEA 63 will yield consistent damage initiation thresholds in healthy and osteolytic vertebrae. 64
Methods
65
Animal models: 66
The workflow of this study is included as Figure 1 . A previously described rat tumor model was 67 used to generate osteolytic metastasis in rat spines through intracardiac injection of HeLa cells 68 (Burch, 2007) . Three osteolytic and three healthy rnu/rnu female rats of similar age (7-8 weeks) 69 and weight (160-170g) were sacrificed and T13-L2 spinal motion segments extracted. 70 71
Loading and µCT imaging of spinal motion segments: 72 73
A µCT compatible loading device (Figure 2 ) was used to induce microdamage in the healthy and 74 metastatically-involved spine samples. The loading device allows for µCT scanning of the 75 samples while under load. The top and bottom vertebrae of each 3 level motion segment were 76 potted in a custom jig with PMMA to prevent lateral movement of the sample while loading. The 77 motion segments of the healthy and osteolytic rats were preconditioned under uniaxial 78 compression for 3 cycles at 40N at a constant strain rate of 3µm/s. Axial compressive loads of 79 100N and 50N were applied to the healthy and metastatic spinal motion segments for 3 hours to 80 create microdamage in the respective samples without fracture (Herblum 2013 , Hardisty 2012 The µFE models were generated in AmiraDEV 5.2.2 from the unloaded µCT scans of the middle 133 vertebra, with histology slides defined as separate element sets. A voxel based meshing 134 algorithm was used to generate a mesh of 8-noded hexahedral elements from the segmented µCT 135 scans (Herblum 2013) . The mesh was then converted into an Abaqus input file (ABAQUS, 136 Pawtucket, RI). A previously developed deformable image registration algorithm was used to 137 determine boundary conditions for the FE models (Hardisty 2009 ). Using the image registration 138 of the loaded/unloaded scans, fifty to eighty thousand displacement vectors were extracted for 139 the FE analysis. A custom built algorithm was used to assign these displacement fields as FE 140 boundary conditions at surfaces of the endplates of the vertebral body and the facet joints under 141 axial compressive load (Herblum 2013 , Nagaraja 2005 . Each final Abaqus input file 142 included the mesh with identified histology slides elements, loading surfaces and boundary 143 conditions ( Figure 3) . A Young's modulus and a Poisson's ratio of 12.5 GPa and 0.3 respectively 144 were assigned as material properties for bone (Kinney 2000) . Each of the isotropic, 145 homogeneous, linear elastic models, containing over a million elements, was analyzed using 146
Abaqus Standard 10-1 on the supercomputing facility at SciNet, University of Toronto. 147 148
Data analysis 149
The slices within the µFE models corresponding to the histology slides were isolated for 150 comparison with histology. For quantitative analysis, regions of microdamage highlighted by the 151 fuchsin (n=20) were selected from both groups (healthy and metastatic). Surrounding undamaged 152 regions (n=20) were also selected for comparison (Herblum 2013 , Nagaraja 2005 . The 153 finite elements corresponding to these regions were identified within the models. Stress (Von 154
Mises and maximum principal) and strain (maximum principal) parameters from the damaged 155 and undamaged regions from both healthy and osteolytic models were also compared. 
Results
169
Histologic microdamage identification and alignment with µCT 170
Both calcein and fuchsin stained microdamage in whole healthy and osteolytic vertebrae (Figure  171 4). After loading fuchsin was observed to stain the pre-existing and mechanically induced 172 microdamage. Calcein staining prior to loading only stained a-priori defects. Fuchsin-stained 173 regions not containing calcein were identified as areas damaged by the applied mechanical 174 loading (n=20 healthy, n=20 metastatic). 175 µCT images of the histology slides were registered to the unloaded µCT scans using manual and 176 rigid affine registration. Alignment of the tissue block containing the posterior elements 177 facilitated registration of the histology slides which were cut approximately parallel to the block, 178
The volumetric concurrency (VC) averaged 68% (range=63-77%) for slides from healthy 179 samples (n=7) and 64% (range=59-79%) for slides from metastatic samples (n=8). 180 181
Stresses and strains in histologically identified damaged and undamaged regions 182
The elements corresponding to the selected fuchsin stained regions (n=20 healthy, n=20 183 metastatic) were identified within the µFE models ( Figure 5 ). Damage initiation thresholds were 184 identified as 53-80MPa (principal stress) and 0. for young donors, with no significant differences in local damage initiation thresholds for older 234 specimens (50-84MPa and 0.51-0.83%) (Green 2011) . From these studies large intra and inter-235 specimen diversity in local damage initiation properties exist, which may be due to both 236 physiological and structural sample differences. 237
As in healthy samples, damaged regions exhibited significantly higher maximum principal 238 stresses and strains in metastatic vertebrae. Damage in osteolytic specimens initiated between 239 stress and strain range of 78-127MPa and 0.66-0.98% respectively. Osteolytic samples have 240 lower trabecular number and thicknesses (Hojjat 2011 ). This implies that at similar continuum 241 strains, individual trabecular struts in osteolytic spines have higher stresses compared to healthy 242 bone. Also, as the metastatic spine is structurally weaker, it is closer to bulk yield when loaded 243 under similar strain. Damaged regions have been shown to experience higher stresses and strains 244 when loaded to strains closer to the yield strain (Nagaraja 2005 Voxel size also limits the resolution of the mechanical parameters in the damaged areas which 272 may lead to underestimation of the stresses and strains experienced. µFE models at higher 273 resolutions have the potential to address these issues, leading to improved damage initiation 274 criteria. Selectively increasing the resolution of critical regions of the models may represent a 275 future approach to limit computational costs (Herblum 2013) . 276
More advanced non-linear µFEA may improve the fidelity of the models by accounting for 277 material softening during damage initiation and stress redistribution to surrounding undamaged 278 elements (Nagaraja 2007) . In this study homogeneous material properties were used for both 279 healthy and metastatically involved bone. Metastasis has been shown to alter bone tissue material 280 properties resulting in reduced elastic moduli as compared to normal bone (Nazrin 2008). The 281 heterogeneity of these changes, however, has not been well characterized. Intensity based 282 specimen specific inhomogeneous material property assignment has been shown to yield slightly 283 more accurate local stresses and strains in µFE models (Nagaraja 2007 ). However, implementing 284 this is complicated by potential differences in the quality of healthy and metastatically involved 285 bone, which may not be captured by BMD alone. Using a constant modulus of elasticity in 286 healthy and metastatic bone may have led to overestimation of local stresses and strains in the 287 metastatic models. Localized nanoindentation data from healthy and metastatic vertebrae may 288 ultimately provide data for heterogenous voxel based BMD based mechanical property 289 assignment (Wolfram 2010) . 290
A sequential staining routine previously developed and optimized was used to identify regions of 291 pre and post loading microdamage. Calcein acts as a site specific dye for microdamage detection, 292
as it chelates and combines with exposed calcium ions on microdamaged surfaces (Lee 2000) . 293 1% fuchsin staining with graded alcohols was used to identify de novo damage in response to 294 uniaxial compressive loading (Burr 1995 Physiologic loading was simulated in this study through uniaxial compression applied through 325 intervertebral discs. Multi-axial loading (compression, torsion and bending) may allow further 326 investigation of trabecular failure (including bending and buckling) that in combination with 327 fatigue protocols could provide a more comprehensive description of local failure. In vivo 328 vertebrae are subjected to multi-axial repetitive loading, thus studying their effects on trabecular 329 failure may lead to a more complete understanding of physiological microdamage initiation. 330
In the current study, µCT imaging of thick histology slides allowed for volumetric registration 331 between the histology slides and unloaded µCT scans. 
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